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Two Antibodies that Neutralize Papillomavirus by
Different Mechanisms Show Distinct Binding Patterns
at 13 A Resolution
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Complexes between bovine papillomavirus type 1 (BPV1) and examples
of two sets of neutralizing, monoclonal antibodies (mAb) to the major
capsid protein (L1) were analyzed by low-dose cryo-electron microscopy
and three-dimensional (3D) image reconstruction to 13 A resolution.
mAb #9 is representative of a set of neutralizing antibodies that can inhi-
bit viral binding to the cell surface, while mAb 5B6 is representative of a
second set that efficiently neutralizes papillomaviruses without signifi-
cantly inhibiting viral binding to the cell surface. The 3D reconstructions
reveal that mAb #9 binds to L1 molecules of both pentavalent and hexa-
valent capsomeres. In contrast, 5B6 binds only to hexavalent capsomeres,
reflecting the significant structural or environmental differences for the
5B6 epitope in the 12 pentavalent capsomeres. Epitope localization shows
that mAb #9 binds monovalently to the tips of capsomeres whereas 5B6
binds both monovalently and bivalently to the sides of hexavalent cap-
someres approximately two-thirds of the way down from the outer tips,
very close to the putative stabilizing intercapsomere connections. The
absence of mAb 5B6 from the pentavalent capsomeres and its inability to
prevent viral binding to the cell surface suggest that receptor binding
may occur at one or more of the 12 virion vertices.

© 1998 Academic Press

Keywords: papillomavirus; cryo-electron microscopy; neutralizing
antibodies; 3D structure; image reconstruction

Introduction

Papillomavirus

infections

typically produce

human papillomavirus infection is generally sexu-
ally transmitted, considerable effort has been
devoted to the development of a prophylactic vac-

benign epithelial papillomas, or warts, but a subset
of human (HPV) types is associated with a number
of human malignancies, most commonly cervical
cancer (International Agency for Research on
Cancer, 1995; Lowy et al., 1994). Over 90% of cervi-
cal cancers are associated with HPV infection and
cervical cancer is the second leading cause of death
from cancer in women worldwide. Since genital
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type 1, mAb, monoclonal antibodies; L1, major capsid
proteins; L2, minor capsid protein; 3D, three-
dimensional; kb, kilo base-pairs; cccDNA, covalently
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immunoglobulin G; CTF, contrast transfer function;
RHDV, rabbit haemorrhagic disease virus.
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cine for administration to adolescents. In principle,
this vaccine would prevent infection by inducing
the generation of neutralizing antibodies (Schiller
& Okun, 1996).

The 600 A diameter papillomavirus consists of a
histone-bound 8 kb double-stranded, cccDNA
(covalently closed circular) genome core encapsi-
dated by a non-enveloped icosahedral shell com-
prising a major (L1) and a minor (L2) capsid
protein in a ratio of approximately 30:1 (Pfister,
1987). The inability to generate preparative quan-
tities of papillomaviruses in vitro has prevented an
X-ray crystallographic analysis of virion structure
(Hagensee & Galloway, 1993). However, sufficient
virions have been purified from warts for cryo-
electron microscopy (Baker et al., 1991; Belnap et al.,
1996; Trus et al., 1997). Using Cross Common Lines
procedures (Baker et al., 1988; Crowther, 1971;
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Fuller, 1987) and the more recent Polar Fourier
Transform methods (Baker & Cheng, 1996) the 3D
structures of many viruses and virus—antibody
complexes have been determined by cryo-electron
microscopy (Hewat & Blaas, 1996, Smith et al.,
1993a,b; Thouvenin et al., 1997; Trus et al., 1992).
These techniques have been applied to BPVI,
HPV1 and cottontail rabbit papillomavirus (CRPV)
virions, which all exhibit very similar structures at
25 to 30 A resolution (Baker et al., 1991; Belnap
et al.,, 1996). Image reconstructions of papilloma-
viruses show prominent pentameric star-shaped
capsomeres that are arranged into T =7 icosahe-
dral capsids (Baker et al., 1991; Belnap et al., 1996;
Hagensee et al., 1994). Since very similar icosahe-
dral virus-like particles (VLPs) can be generated by
L1 molecules alone (Hagensee et al, 1994;
Kirnbauer et al., 1992), assembled L1 molecules
must be versatile enough to coordinate different
numbers of capsomeres; each of the 60 hexavalent
capomeres per capsid is coordinated with six cap-
someres, whereas each of the 12 pentavalent cap-
someres (located at the vertices of the icosahedron)
is surrounded by five neighbouring capsomeres
(Belnap et al., 1996).

The location of L2 within the capsid was not
determined by comparison of 3D reconstructions
of HPV1 L1 and L1/L2 VLP structures, possibly
due to low resolution (~35 A) or low L2 occu-
pancy (Hagensee et al., 1994). However, a recent
study of BPV to 9 A suggests that L2 may be
located at the 5-fold vertices, in the center of the
pentavalent capsomeres (Trus et al., 1997).

L1 VLPs retain the neutralizing epitopes of the
virus but do not contain the potentially oncogenic
viral genome (Kirnbauer et al., 1992; Schiller &
Roden, 1996). Immunization of animals with VLPs
induces high titers of type-specific neutralizing
antibodies to epitopes on L1 (reviewed by Schiller
& Roden, 1996). Furthermore, immunization of ani-
mals with VLPs derived from animal papilloma-
viruses protects them from experimental challenge
by the cognate infectious virions (Breitburd et al.,
1995; Kirnbauer et al., 1996; Suzich et al., 1995). Pas-
sive transfer experiments demonstrate that this

Table 1. Properties of mAbs #9 and 5B6

protection can be mediated by neutralizing serum
immunoglobulin gamma (IgG) (Breitburd et al.,
1995; Suzich et al.,, 1995). These properties make
VLPs attractive candidates for a prophylactic vac-
cine against high-risk genital HPV infection and
have prompted a study of the mechanism of papil-
lomavirus neutralization by IgG molecules (Schiller
& Roden, 1996).

Analysis of mAbs to papillomaviruses demon-
strates that neutralization for the types tested,
including BPV1, CRPV, HPV11, and HPV16, can
occur by more than one mechanism (Christensen &
Kreider, 1991, 1993; Christensen et al., 1990; Roden
et al., 1994, 1996). One set of neutralizing mAb to
L1, typified by mAb #9 to BPV1 L1, can prevent
virions from binding to cell surfaces (Roden et al.,
1994, 1995), presumably by blocking interaction
with a cell surface receptor, which may be o, integ-
rin (Evander et al., 1997). A second set of neutraliz-
ing antibodies to L1, of which 5B6 to BPV1 L1 is
an example, does not significantly inhibit virions
binding to cell surfaces, yet efficiently prevents
infection. For both antibodies, neutralization is
achieved with relatively few antibodies bound per
virion, although significantly more antibody mol-
ecules are required for mAb #9 than for 5B6
(Table 1).

These neutralizing antibodies bind to confor-
mationally dependent and papillomavirus type-
specific epitopes on L1, whose amino acid com-
position and location on the capsid surface are
unknown. In order to gain insight into the
location of the neutralizing epitopes and the
mechanisms of virion neutralization, we have
generated the first 3D image reconstructions of
papillomavirus—neutralizing antibody complexes:
BPV1 virions complexed with saturating amounts
of mAb #9 or 5B6.

Results

Figure 1A shows a cryo-electron micrograph of
BPV1 purified from cattle warts. The characteristic
icosahedral nature and, in certain orientations,
some protruding capsomeres of the capsid can be

Property /mAb mAb #9 5B6
Isotype IgG 2a(x) IgG 2b(x)
Neutralizes BPV1 Yes Yes

Capsid protein bound L1 L1
Conformational epitope Yes Yes

Type-specific Yes Yes

Binding to RBCs Inhibits No inhibition
Binding somatic cells Inhibits >50% inhibition

Ab/virion for 50% neutralization 36
Location of epitope on capsomere
Binds pentavalent capsomeres
Binds hexavalent capsomeres

Yes (5/5 L1)

Antibody binding Monovalent
High occupancy epitopes per virion 240
Number of IgGs bound per virion 240

Tips of all capsomeres

Yes (3/5 L1 with high occupancy)

14

Sides of hexavalent capsomeres
No

Yes (5/5 L1)

Bivalent and monovalent

300

150

These data are summarized from Roden et al. (1994) and this manuscript
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Figure 1. Cryo-electron micrographs of: A, native BPV1 virions; B, BPV1 complexed with mAb #9; and C, BPV1

labeled with mAb 5B6. Bar represents 500 A.

seen, but otherwise few features can be discerned.
A small percentage (~1%) of the particles had
lower density cores, indicative of capsids lacking
the viral genome (not shown). Figure 1B and C
shows BPV1 bound to saturating amounts of mAb
#9 and 5B6, respectively. Both antibodies obscure
the capsomeric structures and the antibody—virion
complexes have a greater diameter than virions
alone. mAb #9 and, to a lesser extent, mAb 5B6
induced aggregation of the virus.

Micrographs, selected on the basis of their visual
appearance and optical diffraction pattern, were
digitized at a sampling rate of 2.9 to 4.3 A/pixel.
The orientation and origin of each particle was
then determined and refined to enable the calcu-
lation of the 3D structure using established pro-
cedures (Crowther, 1971; Trus ef al., 1997).

Reconstruction of BPV complexed with mAb #9

A reconstruction of BPV1 bound by neutralizing
mAb #9, calculated to a resolution of 13 A from
178 contrast transfer function (CTF) corrected
images combined from two micrographs, is shown
as a surface shaded view along its 2-fold axis in
stereo (Figure 2b) and its 5-fold axis (Figure 3c).
A previously described (Trus et al., 1997) recon-
struction of native BPV1 viewed down the 2-fold
axis in stereo (Figure 2a) and the 5-fold axis
(Figure 3) is shown at 13 A resolution for compari-
son with the antibody-decorated capsids. Although
the complete mAb #9 IgG was used to bind BPV1,
only part of the mAb is visible in the reconstruc-
tion for the following reasons: firstly, although the
F,, regions of mAb #9 are bound to the capsid and
are ordered with icosahedral symmetry, the
unbound F,, and F. portions may be flexible
enough to take up multiple orientations, resulting
in blurring of protein density with increasing
radius (Smith ef al., 1993a); secondly, it was necess-

ary to window the 2D input images at a radius of
348 A because of the close proximity of neighbor-
ing particles (probably resulting from mAb #9
cross-linking the virus particles). Thus any F. or
F,, domains would not be visualized beyond this
radius. A lower-resolution reconstruction (25 A)
was also calculated from a subset of the particles
that could be windowed at a larger radius (380 A)
to visualize the F. or F,, domains better (data not
shown). Inter-capsomere cross-linking of the virus
by two F,, fragments was not observed up to the
maximum radius investigated.

In Figure 4d, five F,,, fragments are bound to the
pentavalent capsomeres, demonstrating that the
vertex capsomeres in papillomaviruses contain five
L1 molecules, each displaying an epitope for
mAb #9. This mAb also binds to hexavalent cap-
someres but to only three of the five constituent L1
molecules with a sufficient degree of occupancy to
be visualized clearly (Figure 4c). Examination of
serial sections (data not shown) demonstrated that
the protein density at 1 o’clock above the hexava-
lent capsomere is actually connected to the IgG
bound to the pentavalent capsomer and simply
overhangs the hexavalent capsomer as seen. Thus
there is a potential for 240 sites per virion to bind
F,, fragments of mAb #9 (out of a total of 360 L1
molecules) with high occupancy.

In the central cross-section shown in Figure 5b
(cut vertically as indicated in Figure 2a to pass
through the 2-fold, 5-fold and 3-fold axes, with
the central 2-fold axis of Figure 2 appearing at
the 12 o’clock position in Figure 5), it is evident
that the mAb #9 F,, fragments bind to the tips of
the capsomeres. The cross-section of our pre-
viously described (Trus et al., 1997) native BPV1
virion reconstruction is shown for comparison
(Figure 5a) at the same resolution. At the 5-fold
axis the mAbs extend radially outwards for
~35 A before leaving this section (see also the
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Figure 2. Surface-shaded, stereo views down the 2-fold axis of symmetry of 3D reconstructions at 13 A resolution of:
a, BPV1; b, BPV1 labeled with mAb #9; and ¢, BPV1 labeled with° mAb 5B6. a, Taken from a previously described
reconstruction (Trus ef al., 1997), but the data are truncated at 13 A resolution. The arrow in a indicates the location
of the cross-section visualized in Figure 5. Bar represents 100 A.

schematic diagram in Figure 6(b)). The mAb
bound to the 2-fold axis (12 o’clock position)
extends at about 30° and then bends 120° to
form a double arrowhead above the capsid sur-
face, which cannot be seen in the perpendicular
2-fold view (Figure 5b, 9 o’clock position).

Epitope localization of mAb #9

Examination of density sections cut in various
orientations and comparison with similar sections
from the native BPV structure permit the size and
shape of the proximal portions of the mAbs to be
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Figure 3. Difference map between the mAb-virion complex and the native virion structures viewed down a 5-fold
axis of symmetry. The protein density maps of the reconstructions of the virion alone (native) and the antibody—-vir-
ion complexes were aligned and a difference map was generated. The density due to mAb is shown in red and the
density of BPV1 alone is shown in blue. Bar represents 100 A.

estimated and the localization of the epitopes to be
determined (Figure 7). Spherical sections cut per-
pendicularly to the 2-fold axis localize the epitope
for mAb #9 to sections at a radius of ~295 A
between the protrusions of density comprising the
very tip of the capsomeres (Figure 7b).

Reconstruction of BPV complexed with 5B6

The 3D reconstruction of mAb 5B6 complexed
with BPV1, generatoed from 207 images, was also
determined to 13 A resolution. The salient fea-
tures of this complex are clearly visible in the
reconstruction of mAb 5B6 bound to BPV1
viewed in stereo down the 2-fold axis (Figure 2c)
and the 5-fold axis (Figure 3). Only a portion of
the 5B6 mAb is visualized, as illustrated in
Figure 6a. The central section (Figure 5c) appears
to show a cross at the hexavalent capsomere on
the 2-fold axis (12 o’clock position). No antibody
is seen bound to the 5-fold pentamer, contrary to
the case for mAb #9.

Epitope localization of mAb 5B6

The epitope for mAb 5B6 can be localized in sec-
tions cut perpendicularly to the 2-fold view
(Figure 7d) at a radius of 260 to 265 A. The epitope
for 5B6 is visible on the side of the capsomere
about 25 A above the capsid floor. This is very
close to the location of the putative C-terminal
crosslinks previously reported for BPV (Trus et al.,
1997).

As viewed from above, on the 2-fold axis in the
surface shaded view (Figure 2c) mAb 5B6 has a
well-defined S shape. It is this epitope that is sec-
tioned in Figure 5c at the 12 o’clock position where
the Ab seems to form an X. Since the epitopes on
the 2-fold axis are only 27 A apart (Figure 7d),
bivalent binding cannot occur. Thus opposing epi-
topes are probably occupied by a single F,, arm.
Consistent with this interpretation, the density of
the antibody arms is about half the viral protein

density (Figure 5c) while at the point where the
antibody arms from the epitopes overlap, the com-
bined density is about the same as the viral protein
density. Therefore, the maximum possible occu-
pancy is 50%. Similar binding has been reported
before for Ab bound to VLPs derived from the rab-
bit haemorrhagic disease virus (RHDV) VLPs
(Thouvenin et al., 1997).

Other epitopes going counter-clockwise around
the non-5-fold (hexavalent) pentamer from the S-
shaped Ab are separated by curvilinear distances
(measured in a single plane) of 68, 60, 57 and
50(£5) A, respectively. The closet bivalent span-
ning distance reported in the literature is 60 A
(Hewat & Blaas, 1996). Therefore, there may be
sufficient room for bivalent cross-linking to occur
in at least two of these sites. This is supported by
the fact that the antibody density linking the epi-
topes is of a similar magnitude to the density of
the viral capsid protein.

mAb 5B6 does not bind to pentavalent capsome-
res. The absence of binding to pentavalent cap-
someres may be due to steric hinderance, resulting
from the close proximity of the potential epitope at
the point of the pentavalent capsomere to the point
of the adjacent hexavalent capsomere. For the hex-
avalent capsomere the point of each capsomere
faces the wall rather than the point of each sur-
rounding capsomere thus providing sufficient
space for antibody binding. mAb 5B6 binds with
high occupancy to each of the 300 sites on hexava-
lent capsomeres.

Visualization of antibody domains

The contorted shape observed for mAb #9 is
clearly seen in the stereo pairs shown in Figure 4c
and d and in the section shown in Figure 5b. One
domain of the Ab entirely covers the top of the star
that forms the pentavalent capsomer tip, leaving
only the central hole free. Another domain projects
away from the first at about 120° into the space
between the capsomeres and a third domain pro-



Figure 4 (legend opposite)
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Figure 5. Central density sections (2.6 A thick) cut through a 2-fold axis of symmetry at 13 A resolution. a, BPV1;
b, BPV1 labeled with mAb #9; and c, BPV1 labeled with mAb 5B6. Protein is in black. Bar represents 100 A

jects radially outwards from the intercapsomere
space at the side of the second domain. This is
shown schematically in Figure 6b where it is pro-
posed that one complete F,;, and part of the second
F,, and F. domains are visualized. Since substan-
tial inter-virus crosslinking was observed, it is
likely to be the second F,, arm that projects
radially outwards and the F_. that overhangs the
adjacent hexavalent capsomere, sterically limiting
its occupancy. Note the extreme flexibility of the
elbow and hinge regions required of mAb #9 with
no visible distortion of the virus structure itself
(see below). Although the Ab fragments from adja-
cent capsomeres are in close proximity to one
another they radiate outwards from the intra-cap-
somere regions without joining. This is consistent
with monovalent binding of mAb #9 immunoglo-
bulin.

In contrast, the 5B6 F,,s appear to adopt a much
more linear conformation, binding deeply between
hexavalent capsomeres, and apparently occupying
all the available space between the capsomeres
around the epitope (Figures 4b and 7d). Neither
the pentavalent capsomeres nor the tips of the hex-
avalent capsomeres are decorated. The radial dis-
tance from the epitope on the capsomere to the
reconstruction cut-off at 317 A is approximately
70 A so it is probable that we are visualizing the
entire F,, and a small portion of the F. fragment.
X-ray structure determination suggests that in a
linear conformation, an F,, fragment is about 80 A
long (Liu et al., 1994). We have also calculated a
lower resolutlon (20 A) reconstruction from a sub-
set of particles with a radial cutoff at 343 A, which
allows us to visualize a larger portion (~24 A) of
the F. fragment (data not shown).

To examine if binding of mAb #9 or 5B6 induced
a significant conformational change in the BPV
capsid, the protein density maps of the recon-

structed virion alone and each antibody-virion
complex were aligned and a difference map was
generated. In Figure 3, the densities unique to the
antibody-virus complex are shown in red and the
densities of the native virus are shown in blue.
mAb 5B6 binds only to the hexavalent capsomeres
leaving the vertices of the capsid uncovered. mAb
#9, on the other hand, effectively covers the entire
capsid. There is no evidence that binding either
mAb #9 or 5B6 induces significant change in the
virus structure visualized at 13 A resolution.

Discussion

High-resolution, 3D image reconstructions of
low-dose cryo-electron micrographs of BPV1 com-
plexed with two monoclonal antibodies, mAb #9
and 5B6, demonstrate that these antibodies bind to
the capsid very differently. These two mAbs also
have different properties and mechanisms of neu-
tralization (summarized in Table 1). mAb #9 pre-
vents BPV1 virions from binding to cell surfaces
(Roden et al., 1994, 1995). The extensive coverage
of the capsid by this antibody and stoichiometric
binding of pentavalent capsomeres (see below)
suggests that is might neutralize by sterically hin-
dering interaction of the virion with the putative
cell surface receptor (Evander et al., 1997; Outlaw
& Dimmock, 1991). Since mAb #9 binds monova-
lently, it might also neutralize by aggregation of
the virus, thereby preventing efficient cell-binding
or appropriate uptake (Outlaw & Dimmock, 1991).

However, neutralization by mAb #9 may also
occur by a post-binding mechanism as mAb #9
will neutralize even after BPV1 has been bound to
the surface of mouse C127 cells for four hours at
37°C (unpublished results). Similar data have been
obtained for another mAb, B1.A1 (Christensen &
Kreider, 1993), with similar properties to mAb #9,

Figure 4. Surface-shaded, stereo views at 13 A resolution of a hexavalent capsomere of: a, BPV1; b, BPV1 labeled
with mAb 5B6; ¢, BPV1 labeled with mAb #9; and d, a pentavalent capsomere of BPV1 labeled with mAb #9. Bar rep-

resents 100 A.
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(a) MAb 5B6 7

(b) MAb #9

Figure 6. Schematic diagram showing BPV-mAb bind-
ing: (a) mAb 5B6 bound between hexavalent capsome-
res, just above intercapsomere cross-bridge (indicated as
a gray line between the capsomeres); (b) mAb #9 bound
to the outer surface, between the points of the pentava-
lent capsomere.

i.e. it also neutralizes BPV1 and inhibits its binding
to cell surfaces (Christensen et al., 1995; Roden et al.,
1996). mAbs 5B6, CRPV-5A (Christensen &
Kreider, 1991) and H11.B2 (Christensen & Kreider,
1990), which neutralize BPV, CRPV and HPV1],
respectively, do not prevent binding of these cap-
sids to erythrocytes (Roden et al., 1996), but also
neutralize after virion binding to the cell surface
(Christensen et al., 1995). Perhaps there are two
receptors for BPV1: a widely expressed and evolu-
tionarily conserved primary receptor and a second-
ary receptor required during uptake, as seen for
adenovirus (Wickham et al., 1993), human immu-
nodeficiency virus-1 (Feng et al., 1996), and herpes
simplex virus-1 (Montgomery et al., 1996). Perhaps
mAb #9 neutralizes by blocking interaction with
both receptors whereas mAb 5B6 only prevents
interaction with the secondary receptor.

mAb 5B6 is representative of a second set of
neutralizing antibodies that prevents infection
without significantly inhibiting virion binding to
cell surfaces (Roden et al., 1994, 1995). 5B6 binds
between the capsomeres, cross-linking the capsid
between at least two pairs of epitopes. The ability
to cross-link the capsid suggests that 5B6 might
neutralize the virions by preventing the capsid
from uncoating and thus releasing the viral DNA
into the nucleus, as reported for picornaviruses
(Mosser et al., 1989; Wetz, 1993). However, bivalent

binding is not a prerequisite for neutralization
(Colonno et al., 1989). Neutralizing mAb 8F5 to rhi-
novirus binds in a similar fashion to 5B6 and a
similar mechanism of neutralization has been pro-
posed (Hewat & Blaas, 1996).

It is interesting that mAb 5B6 binds close to the
putative inter-capsomere linkages. These linkages
are thought to help stabilize the capsomere struc-
tures against the symmetry mismatch that results
from five L1 molecules (which form a hexavalent
capsomere) coordinating six surrounding capsome-
res. Doubtless, further protein binding close to this
region combined with the F,, fragment tightly fit-
ting into the space between the capsomeres further
strengthens the structure.

Additional intracellular mechanisms of neutraliz-
ation such as the re-routing of antibody-bound vir-
ions to a non-infectious pathway (e.g. to the
lysosomes) cannot be ruled out. In agreement with
results from rhinovirus (Hewat & Blaas, 1996;
Smith ef al., 1993a), no significant changes in capsid
morphology were observed between native BPV1
and antibody-coated BPV1 (Figure 3). This
suggests that these mAbs do not neutralize by
inducing gross conformational changes in virion
structure, as has been suggested for poliovirus
(Emini et al., 1983).

5B6 binds to each of the L1 molecules in the hex-
avalent capsomeres, yet to none of the L1 mol-
ecules in the pentavalent capsomeres. This may be
due to one or more of the following factors: the
close apposition of the tips of the pentavalent cap-
someres to the tips of the surrounding hexavalent
capsomeres, which could sterically hinder antibody
binding; conformational differences resulting from
the different coordination of the pentavalent and
hexavalent capsomeres; and there is the possibility
that the presence of L2 in the pentavalent capsome-
res precludes Ab binding. A similar difference in
antibody binding to pentavalent and hexavalent
capsomeres has been observed for the T =16
herpes simplex virus (Trus et al., 1992), although in
this case the hexavalent capsomeres do indeed
comprise six subunits of the major capsid protein
VP5 and the VP26 protein bound at the tip.

The occupancy with which mAb #9 binds to the
hexavalent capsomeres (Figure 4c) is noteworthy.
There is a clear gradation in occupancy around the
hexavalent capsomere in a counter-clockwise direc-
tion. One epitope (at the 7 o’clock position in
Figure 4c) has high antibody occupancy, close to
that seen for the pentavalent capsomeres, and then
the occupancy is gradually and significantly
reduced until the last two epitopes have very low
occupancy. It is probable that this mAb has a high-
er binding affinity for pentavalent capsomeres and
that steric hindrance prevents binding to the two
adjacent L1 molecules of the hexavalent capsomere
that exhibit very low antibody occupancy. As
explained earlier, the protein density overhanging
the hexavalent capsomer (1 o’clock position,
Figure 4d) is attached to the IgG bound to the pen-
tavalent capsomere and is probably part of the F.
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200 A

a (native)

300 A

Figure 7. Epitope localization in spherical density sections cut at the radii indicated perpendicularly to the
2-fold axis of symmetry. The sections are 2.6 A thick. a, native BPV; b, BPV bound with mAb #9; ¢, native BPV;

d, BPV bound with mAb 5B6. Bar represents 100 A.

fragment (Figure 6b). Flexibility of the Ab domains
makes it likely that there is even more unresolved
protein sterically hindering binding to the epitopes
on the hexavalent capsomere.

Even at 13 A resolution it was not possible to
determine unambiguously the domainal organiz-
ation of the bound antibodies. In particular, it
remains unclear how much of the IgG has been
visualized in each of the reconstructions. Some
smearing and loss of visibility results from the
flexibility of the unbound domains. Nonetheless,
the F,, domains assume defined shapes and con-
siderable surface detail is resolved. We propose
that the Abs are arranged as depicted in Figure 6
with a significant part of even the F_ portions visu-
alized. This is the first time that these domains
have been visualized in an antibody-virion recon-

struction. This may reflect the crowded binding by
the many mAb #9 IgG molecules per virion redu-
cing the flexibility of the F. and thus improving its
visibility by 3D reconstruction. That more IgG mol-
ecules of mAb #9 than 5B6 bind per virion can be
seen in Figure 3 and is consistent with the greater
concentration of mAb #9 than of 5B6 required for
neutralization (see Table 1 and Roden ef al., 1994).
The site on papillomavirus capsids that interacts
with their cell surface receptor has not been deter-
mined. The ability of BPV1 to bind to cell surfaces
despite being coated with 5B6 suggests that the
cell surface receptor (Evander et al., 1997) is able to
bind to areas of the capsid not covered by this anti-
body (Hewat & Blaas, 1996; Outlaw & Dimmock,
1991). 5B6 binds to hexavalent but not pentavalent
capsomeres, thereby leaving the vertices free of
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antibody. This suggests that binding site(s) for the
cell surface receptor may be located at the vertices.
However, it does not preclude the presence of
additional binding sites on hexavalent capsomeres
as seen for polyomavirus (Stehle et al., 1994). In
this regard it is worth noting that 5B6 does not
obscure the central portion of the hexavalent cap-
someres. However, the 5B6 reconstruction does
make it unlikely that the cell surface receptor binds
in the “canyon” between the hexavalent capsome-
res, by analogy to the previous proposals for rhino-
viruses (Olson et al., 1993; Rossmann et al., 1985).

These data are the highest resolution 3D recon-
structions of virion-mAb complexes to date.
Recent advances in cryo—electron microscopy and
3D reconstruction techniques have allowed visual-
ization of protein secondary structure and now
even the polypeptide chain (Bottcher et al., 1997;
Conway et al., 1997; Trus et al., 1997). In the near
future, it may be possible to use these techniques
to identify the determinants of conformationally
dependent papillomavirus-neutralizing epitopes
without the aid of crystallography.

Materials and Methods

BPV1 virions, obtained from bovine warts (a gift from
Carl Olson, University of Wisconsin), were isolated as
described (Trus et al., 1997). Monoclonal antibodies 5B6
and 9 were affinity purified on Protein A—Sepharose col-
umns and dialyzed into PBS (Roden et al., 1994). BPV1
virion preparations (~10 pg in PBS) were incubated at
ambient temperature with a tenfold molar excess of anti-
body molecules, as determined by the ratio of immuno-
globulin molecules to L1 total protein, in 200 pl; final
volume. Immunocomplexes were collected by centrifu-
gation in an Eppendorf bench-top centrifuge (five min-
utes, ambient temperature, 14,000 rpm), resuspended in
10 pl of PBS, placed on carbon-coated 400 mesh copper
grids and prepared for cryo-electron microscopy as
described (Booy et al., 1991, 1997). Samples were imaged
in a Philips EM400RT electron microscope operating at
100 kV at 36,000 to 60,000 x magnification employing a
modified, type 626, Gatan cooling stage and modified
Gatan anti-contamination blades. Appropriate micro-
graphs were selected, processed and reconstructed (Trus
et al., 1997). Approximately two-thirds of the selected
capsid images were used in the 3D reconstructions. Res-
olution was determined by both FRC3D (Conway et al.,
1993) and SSNR3D (Unser et al., 1996) methods. Figures 2
3, 5 and 7 are visualized at 3.685 A/pixel. Figure 4 is
visualized at 1.84 A/pixel. The threshold for surface
shading is 120% of mass, assuming 0.78 Da/A~2.
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